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Reconstruction of the neutrino mass spectrum and lepton mixing is one of the 
fundamental problems of particle physics. In this connection we consider two 
central topics: (i) the origin of large lepton mixing, (ii) possible existence of new 
(sterile) neutrino states. We discuss also possible relation between large mixing 
and existence of sterile neutrinos. 



1 Introduction 

The experimental situation can be summarized in the following way: 

1. Recent SuperKamiokande (SK) results on the atmospheric neutrinos 
give strong evidence for the oscillations of the muon neutrinos with large (max- 
imal) depthEI. An open question is to which extend the electron neutrinos are 
involved in the oscillations and whether an excess of the e-like events exists. 

2. The situation with solar neutrinos is rather uncertain. The data indicate 
unexpected distortion of the recoil electrons energy spectrum 0. It is unclear 
whether we deal with just statistical fluctuations, or distortion of the boron 
neutrino spectrum or an excess of the events near the end point which is 
not related to boron neutrinos. No day-night asymmetry and no earth core 
enhancement of signal have been found. 

3. LSND collaboration has further confirmecLthe oscillation interpretation 
of their result U. At the same time, KARMENa does not see the oscillation 
effect concluding that the data are approaching the situation when one can 
speak on direct contradiction between the two experiments. 

4. Recent cosmological observations (early galaxies, clusters evolution, 
high rcdshift supernova type IA data) show that a contribution of neutrinos 
to the energy density of the Universe should be smaller than it was thought 
earlier, and the Hot Dark Matter (HDM) is not necessary for the fit of data 
on the large scale structured. At the same time, some amount of the HDM is 
not excluded and may be needed for the further tuning of the data. 
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Keeping this in mind, we will concentrate on models which explain the 
solar and the atmospheric neutrino data. We will consider main issues of the 
present day discussions: 

1. Origin of the large leptonic mixing. 

2. Possible existence of new neutrino states (sterile neutrinos). 

3. We also comment on possible relation of these two issues, addressing 
the question: is large mixing the mixing with sterile neutrinos? 

According to the SK result, muon neutrinos oscillate into tau neutrinos or 
probably into sterile neutrinos. The effective mixing angle which determines 
the depth of oscillations should be large in both cases 

sin 2 26>>0.8. (1) 

The favoured mode is — v T , although — v s gives comparably good fit of 
the data. Pure — v e channel is strongly disfavored by the SuperKamiokande 
data itself, and restricted by the CHOOZ results. At the same time, a small 
contribution of the — v e channel is possible and probably desired in view of 
some excess of the e - like events. 

In this connection the basic questions are 

• Why lepton mixing is large while quark mixing is small? Is this consis- 
tent with quark-lepton symmetry (correspondence) and Grand Unifica- 
tion? The question has more general conceptual nature. The picture we 
had before is that known quarks and leptons form families with weak in- 
terfamily connection (characterized by mixing). Should we support this 
conception in view of maximal mixing between the second and the third 
generations of leptons? 

• Is lepton mixing maximal between the second and the third generations 
only, or probably all lepton mixings are large ? In other words is the ob- 
served large lepton mixing the feature of the second and third generation 
or it is the property of all leptons? 

The answer to this question will come from studies of solar neutrinos. In 
the first case the small mixing MSW - solution is realized, whereas in the 
second case the choice will be between the large mixing MSW solution 
and long range vacuum oscillations ("just-so"). 

Completely different possibility is that large mixing is the mixing with new 
(sterile) neutrino state. In this case the mixing between flavor states can be 
small in analogy with quark mixing. 
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2 Patterns of neutrino mass and mixing 

Before going into details of the theoretical analysis, we will describe possible 
patterns of the neutrino mass and mixing which are implied by phenomenology. 
Here we consider three types of neutrino schemes with single, double (bi-) and 
triple maximal mixing. 

2.1 Single maximal mixing 

The scheme has the hierarchical mass spectrum 

m 3 = (0.3 - 3) • 10 _1 eV, m 2 = (2 - 4) • l(T 3 eV, m x « m 2 (2) 

with f M and v T mixed strongly in v 2 and v% (see fig. Q). The electron flavor 
is weakly mixed: it is mainly in v\ with small admixtures in the heavy states. 
The solar neutrino data are explained by v e — > v 2 resonance conversion inside 




Figure 1: Neutrino masses and mixing for the "solar and atmospheric" neutrinos. Boxes 
correspond to the mass eigenstates. The sizes of different regions in the boxes show admix- 
tures of different flavors. Weakly hatched regions correspond to the electron flavor, strongly 
hatched regions depict the muon flavor, black regions present the tau flavor. 

the Sun. Notice that v e converts to and v T in comparable portions. The 
atmospheric neutrino problem is solved via <-» v T oscillations. Small v e 
admixture in v% can lead to resonantly enhanced oscillations in matter of the 
Earth. 

There is no explanation of the LSND result, and the contribution to the 
Hot Dark Matter component of the universe is small: fi^ < 0.01. 

The scheme can provide significant amount of the HDM without change 
of the oscillation pattern if all three neutrinos have degenerate masses: mi ~ 
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mo ~ 1 eV with small splitting: 

. Atoo Am% Ato? Am 2 ntrn . . 

Ami2 « = 9-, Ato 23 « = — , (3) 

2mo 2mo 2mo 2mo 

where to.2 and m3 are defined in (||) and 

Am| « 6 ■ lCT 6 eV 2 , Am 2 atm « (lO" 3 - l(T 2 )eV 2 . (4) 

In this case an effective Majorana mass of the electron neutrino equals m ee ss 
Too and searches for the neutrinoless double beta decay give crucial check of 
the scheme. 

The scheme can be probed by the long baseline experiments. 
2.2 Bi-large and bi-maximal mixings 

The previous scheme (fig. |l|) can be modified in such a way that solar neutrino 
data are explained by large angle MSW conversion with sin 2 29 ~ 0.7 — 0.9 and 
Ato 2 = (2-20) 10" 5 eV 2 . 

In a version of the scheme with mass degeneracy, the cancellation in the 
effective Majorana mass of the electron neutrino can occur, so that m ee ~ 
too -p. sin 29 will be substantially lower than present bound even for too > 1 
eV (see El for recent discussion) . 

The solution of the atmospheric neutrino problem is basically the same as 
in the previous case. There is a suggestion il that mass splitting Am 2 > 10~ 4 
eV 2 between the two light states could be relevant for the atmospheric neutrino 
problem. In particular, this mode can lead to the zenith angle dependence of 
the detected events. In this case the 23-spJitting could be much larger to 
accommodate the LSND result. However, inEj the matter effect has not been 
taken into account, and the latter, in fact, strongly suppresses the oscillation 
depth. 

In the bi-maximal schemei neutrinos have masses 

to 3 = (0.3 - 3) ■ 10 _1 eV, to 2 - (0.7 - 2) • 10~ 5 eV, m x < m 2 (5) 

(see fig. ||); and v T mix maximally in = (y^ + v r )/-\/2; the orthogonal 
combination, v' 2 = (v^ — i/ T )/y/2 strongly mixes with v e in v\ and v-i- There is 
no admixture of v e in the z/3. The corresponding mixing matrix has the form: 




Vmns =22 ~7M ) ( 6 ) 
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Figure 2: Neutrino masses and mixing pattern of the bi-maximal mixing scheme. 



The solar neutrino problem can be solved via v e «-> v' 2 "Just-so" vacuum 
oscillations. Notice that v e converts equally to ZAj and v T . Larger values of 
Am 2 lead to the averaged oscillation result which does not give a good fit of 
the solar neutrino data. 

The atmospheric neutrino anomaly is solved via <-> v r maximal depth 
oscillations. 

Let us comment on the version of the bi-maximal scheme with inverted 
mass hierarchy: mi ~ to 2 3> TI3 (^). Such a possibility can be realized in 
the model with approximate L e — — i T -symmetry. The corresponding mass 
matrix has the form: 



Two states with maximal (or large) v e mixing are heavy and degenerate, 
whereas the third state with large — v r mixing and small v e admixture 
is light. In this scheme the v e ~ is' 3 level crossing occurs in the antineutrino 
channel, so that in supernovae v e will be strongly converted into combination 
of Pft, T> T and vice versa. As the result the V e 's will have hard spectrum of the 
original v^. 

One can introduce a degeneracy of neutrinos (keeping the same Am 2 ) 
to get significant amount the HDM in the Universe without change of the 
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Figure 3: The neutrino mass and mixing in the bi-maximal mixing scheme with inverse 

mass hierarchy. 

oscillation pattern. The effective Majorana mass of the electron neutrino is 
zero in the strict bi-maximal case, so that no effect in the double beta decay is 
expected due to light neutrinos. In this scheme one needs two mass splittings 
of the order 10~ 3 eV and 10~ 10 eV respectively which looks very unnatural. 

2.3 Threefold maximal mixing 

In such a scheme all the elements of the mixing matrix are assumed to 
be equal: \U a i\ = 1/V3 @). In all flavor channels All three frequencies of 
oscillations contribute to all flavor channels equally. The atmospheric neutrino 
problem is solved by <-* v e and <-> v T oscillations with equal depth: 
sin 2 28 — 4/9, so that the - disappearance is characterized by sin 2 28 = 8/9. 
The CHOOZ bound implies that Am 2 < 1(T 3 eV 2 . 

The solar neutrino survival probability equals P = 4/9P2 + 1/9, where Pi is 
the two neutrino oscillation probability with maximal depth and smallest mass 
splitting Ato 2 2 . It is assumed that Amf 2 < 10~ n eV 2 , so that 1-2 subsystem 
of neutrinos is frozen and P% = 1. As the result the solar neutrino flux will 
have energy independent suppression P = 5/9. The fit of both the atmospheric 
and the solar neutrino data is substantially worser than in previous schemes. 

3 Large Lepton Mixing 
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Figure 4: Neutrino masses and mixing in the scheme with threefold maximal mixing. 

3.1 Is large lepton mixing the problem? 

Let us first clarify whether the problem of large mixing exists at all. The 
conception of families of fermions can be expressed in the following way. In 
certain basis mass matrices of both upper and down fermions (from doublets) 
have hierarchical structure, with small off-diagonal elements. The matrices are 
considered to be natural Ell if the mixing angles 0^ satisfy inequality 

(8) 

V "H 

where m, and rrij are the eigenvalues. (In this case no special arrangement of 
the matrix elements is needed). 

Let us consider the second and third generations of leptons and introduce 
the angles 8 c i and #„ which diagonalize the mass matrices of the charged leptons 
and the neutrinos correspondingly. Then the lepton mixing angle equals 



Using (N) we get 



(9) 



(10) 



where for m-j, ~ 0.05 eV and rri2 ~ 0.003 eV are the values of masses required 
by solutions of the atmospheric and the solar neutrino problems. If the angles 
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6 c i and Q v have opposite signs, so that 81 = \6 c i \ +A9 ll \ ) we find 9i = 27° and 
sin 2 26 — 0.67 — 0.72 - close to the desired value £3. Thus, the large lepton 
mixing is consistent with the naturalness of the mass matrices. 

Notice that if neutrino masses are due to the see-saw mechanism and the 
mass matrix of the RH neutrinos has no hierarchy: ~ Mq ■ I, then mj oc m? D 
and the mixing angle is determined by the Dirac mass matrix mp. Inlhis case 
relation between the masses and mixing becomes \6 V \ « 4 which 
leads to sin 2 26 = 0.96. 

For quarks the mixing is small if the corresponding angles 6 U and 6d have 
the same signs and therefore cancel each other in the total mixing. The same 
cancellation may occur for the mixing of the first and second generations, thus 
leading to a small mixing solutions of the solar neutrino problem. 

So, the problem of the large mixing is reduced to explanation of signs 
(phases in general) of contributions to mixing from the upper and the down 
fermions. In fact, the change of the relative sign of the contributionsJji the 
lepton sector can be related to the see-saw origin of the neutrino massli-i 

Thus, the large lepton mixing can be well consistent with our "standard 
notions": quark - lepton symmetry (similarity of the Dirac mass matrices), 
usual family structure and the see-saw mechanism. 

The alternative possibility is that large lepton mixing is a manifestation of 
new physics beyond the "standard notion" . In what follows we will concentrate 
on this interpretation. 

3.2 Classifying possibilities 

Trying to answer the question why the lepton mixing is large, while the quark 
mixing is small one can think about the following possibilities: 

• Large lepton mixing is the mixing of muon neutrino with sterile neutrino. 
In this case the question does not exist: There is no analogue of — v s 
mixing in the quark sector. 

• If the atmospheric neutrino anomaly is due to — v T mixing, there are 
two options: 

1). Mechanism of the neutrino mass generation differs from that of the 
quarks. For instance, the mass matrix could be 

ro„ = m r v ad + m s u ee - saw , (11) 

where mf, ee ~ saw is the see-saw contribution, whereas m r v ad is the contribution 
from radiative mechanism. The radiative contribution can dominate and the 
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role of the see-saw is just to suppress the effect of the Dirac mass term. The 
simplest version of the radiative mechanism which leads to a large lepton mix- 
ing is the Zee-mechanismli3. The key element is new charged scalar boson S + 
being singlet of SU{2). (Also second higgs doublet is introduced to have the 
couplings with S + ). In this case large lepton mixing is the consequence of 

- SU(2) gauge symmetry: the coupling of the singlet with lepton doublets 
fapL^ia2LpS + is antisymmetric in family index. 

- assumption that there is no strong inverse hierarchy of / a ^, 

- mass hierarchy of charge leptons. 

The model can be .supplied by additional sterile neutrino to explain the 
solar neutrino problem 113. 

2). Mechanism of the neutrino mass and lepton mixing generation is closely 
related to generation of the quark and-charged lepton masses. This possibility 
is realized by the see-saw mechanismO. According to the see-saw mechanism: 

m v = -m^M~ x m^ T + mo, (12) 

where is the Dirac mass matrix of neutrinos, M is the Majorana matrix 
of the RH components and too is the direct majorana mass matrix of the left 
components which appears if the scalar (SU2) triplet exists with no-zero VEV. 

In the quark sector the mixing is determined by two matrices: m u for the 
upper quarks and to^ for the down quarks. The mixing (CKM -) matrix is the 
product of matrices of the left component rotations: 

Vckm = K f ' V d . (13) 

In contrast, the lepton mixing is determined by three matrices m^, toj and 
M, and the lepton (MNS) mixing matrixES can be written as: 

Vmns =V„-VvVi. (14) 

re V ss is the see-saw matrix which specifies the see-saw mechanism itself 
It describes the influence of the matrix M structure on the lepton mixing. 
Obviously, if M oc /, V ss — I and Vmns — ' Vi in analogy with the CKM 
structure. According to (jl4|), there are three possible sources of the large 
mixing (of course, the interplay of several is possible): 

• V ss , that is, the see-saw mechanism itself leads to enhancement (the see- 
saw enhancement); 

• V„ which follows from Dirac neutrino mass matrix; 
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• Vi which follows from mass matrix of the charged leptons. 

Here we have neglected possible effect of mo, which in fact can also be 
important. Notice, that precise origin of the enhancement (e.g. V v or Vi) 
depends on basis in which the mass matrices are introduced. 

Recently, a number of models have been suggested which realize the three 
above possibilities. 



3.3 See- saw enhancement of lepton mixing 

Not only the smallness of the neutrino mass but also large lepton mixing can be 
related to Majorana nature of neutrinos and both can follow from the see-saw 
mechanism. 

It is natural to assume (in a spirit of the grand unification) that the lepton 
Dirac mass matrices are similar to the quark mass matrices at some unification 
scale: ~ m u and mi ~ m^, and moreover, for the third generation one 
may expect the equalities: m„3 = m t , m T — mt,. Then the difference in the 
quark and lepton mixing can follow from specific structure of M . 

If the influence of the first generation on the mixing of the second and 
the third generations is small (and the problem is reduced to two generation 
problem), one gets two different conditions of the strong see-saw enhancement 



(i) Strong interfamily connection. In the basis where the neutrino Dirac 
mass matrix is diagonal (Dirac basis), M should be off-diagonal: 

fa 0\ 

M ~ Mo 6 1, (15) 
\0 b 0/ 

where a and b are some numbers. The off-diagonal form of M can in turn 
be related to the Majorana nature of neutrinos. Prescribing the horizontal 



charges (0, 1, -1) we reproduce fll5[ ) 



(ii) Strong mass hierarchy. In the two generation case the matrix V ss can 
be parametrized by the see-saw angle SS which can be related to the hierarchies 
of the eigenvalues of the Dirac, mf , and Majorana, Mi, mass matrices: cd = 
m 2 > / m 3 > : € m = M 2 /M 3 . Introducing also eo = M 02 /M 03 = 6^1713/1712 (where 
Moi are the masses of the RH neutrinos which give in the-absence of mixing 
in M the masses of the light neutrinos m.2 and 7713) we getEJ 

f fo6„n&( x [^-l) . (16) 
10 



Clearly, without mixing in M in the Dirac basis eju = eo and the 9 SS — 0. We 
get 6 SS ~ 1, if cm ~ efj ~ 10~ 6 , so that one mass can be M2 ~ 10 9 GeV and 
another one M 3 - 10 15 GeV (see fig. |). This opens interesting possibility, 
that third neutrino acquires the GU -scale mass. Two other RH neutrinos are 
massless at Aqu an d acquire masses at the intermediate scale. Notice that in 
this case, mixing in the M should be relatively large: 

sin 2 6 M = \/eae M • (17) 
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Figure 5: Masses of the RH neutrinos for the solar and atmospheric neutrinos. Solid lines 
correspond to masses in absence of mixing in the Dirac basis, A#oi' Shadoved boxes corre- 
spond to small (natural value of) mixing. Product of masses M2 ■ M3 does not depend on 
mixing. Large mass hierarchy (weakly shadowed boxes) leads to enhancement of mixing. 

Recently such a possibility has been realized in the scenario with textures 
pf the mass matrices which also describe the masses of the charged fermions 
c3. In one version 
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(18) 



10 16 GeV. Notice that 



where x = m c /m t , Mi ~ M ~ 10 10 GeV and M' 
mixing between the first and the second generations is small. It is interesting 
that the Georgi- Yarlskog ansatz for charged leptons and quarks leads to 

• 9 «J- 



sm( 



sin0 r re 0.05 



(19) 
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well in the range of small mixing MSW solutions of the solar neutrino problem. 

Thus the large lepton mixing does not imply necessarily strong interfamily 
connection. As the consequence of the see-saw mechanism, the large mixing 
can follow from small interfamily mixing (in M and m D ) but strong mass 
hierarchy in M. 



3.4 Large mixing and fine tuning? 

Large (maximal) mixing "likes" degeneracy. Indeed, the symmetric 2x2 mass 
matrix with the diagonal elements a and c, and the off-diagonal elements b, 
leads to 

2b mi — mo 2b 
tan0= , — - = . 20 

a — c mi + 777,2 a + c 

The second equality holds for the large mixing angle which implies (a — c)/b <C 
1. If a/b -C 1 and cjb <C 1, then one gets pseudo Dirac neutrino system with 
mi — 77Z2 and \m\\ — | Trial ~ (a + c)/2b. 

In the scenario of fig. 1 which explains both the solar and atmospheric 
neutrino data one encounters the following problem: t/ 2 — subsystem should 
have large mixing and strong mass hierarchy: m 2 /m 3 ~ (5 — 6) • 10~ 2 . This 
means that all the elements of the mass matrix should be almost equal each 
other: a « b sa c. In particular, b « a (1 — 2mi/ra2). 

In the context of the see-saw mechanism the large mixing and strong mass 
hierarhy can be reconciled if 

(i) only one right handed neutrino participates in the see-saw mechanism 
(or gives dominant contribution) and 

(ii) this RH neutrino couples equally with both LH components E3E1 
The mass matrix for this subsystem is 



(21) 



It leads to one massless state and maximal mixing of the light components 
provided 7771 w 7772. Small corrections to the above structure result in strong 
mass hierarchy of the eigenstates. 

The dominance of only one RH neutrino contribution to the see-saw can 
be achieved in two different ways: 

(i) one of the RH neutrinos is much lighter than two others. This is 
equivalent to the see-saw enhancement due to the strong mass hierarchy. 

(ii) The Yukawa coupling of one RH neutrino ■path left components is much 
larger than the couplings of others RH neutrinosEJ. This leads to dominance 
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of the corresponding two elements in the Dirac mass matrixes. In the latter 
case the mixing is enhanced by . 

3. 5 Large mixing from mi 

There is some hint that mixing between the second and third generations of 
leptons can be different from the quark mixing as well as mixing of the first 
and second generations. Indeed, 

!IV = 3^ = 10^. (22) 
m T nib mt 

The lepton hierarchy is weaker. Weak mass hierarhy can testify for larger 
mixing. So, the enhancement of mixing can be associated with the charged 
leptons. 

The non-symmetric Dirac matrix has two off -diagonal parameters which 
can control independently mass hierarchy and mixing, so that the problem of 
fine tuning discussed in the sect. 3.4 does not appear. Consider the following 
mass matrices in the basis f^Mpf^ (left components are to the right): 

mi = m T ^ m d = m b (® , (23) 

where /)~l>6,f'. Mass hierarchy is determined by the smallest off-diagonal 
element. Since only the left component rotations contribute to the mixing, the 
matrices mi and lead to two different mixings of the quarks and leptons: 
The matrix mi is diagonalized by large angle rotation of the left components, 
whereas md is diagonalized by small angle rotations of the left components. 

Such a situation can be easily realized in the SU*, Grand Unification, where 
the left components of the charged leptons, II, are unified with the right com- 
ponents of the down quarks, oIr in the 5-plet, whereas right components In 
are unified with in the 10 - plets. Therefore one expects the same large 
rotations of the II (which determine the mixing) and oIr (which is irrelevant 
for mixing). The mass terms 

ft.2352l0 3 5# + ft,3 2 5 3 1 02 5# + h 33 5 3 1 3 5fi 

and /i23 ~ h 33 3> ft-32 reproduce matrices (^3|). (Here subscripts indicate the 
generation number.) 

In the SOio model, 5 and 10-plets enter the same 16-plei- and conse- 
quently, ft,23 = /i 3 2- Therefore realization of the above possibility c3 implies the 
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16 2 (5 2 ) 10 10 163(103) 
• • • : 



X X X X 
16pj 16j_j 16pj 16jj 

<1> <1> <5> 

Figure 6: The diagram which generate large lepton mixing 

SOiq breaking by the effective Yukawa couplings and asymmetry in the inter- 
.actions of 16 2 and I63. For this new heavy supermultiplets were introduced 
E3: 10 and 10' of matter fields and 16# , 16^ 16' H of Higgses. The couplings 

16 2 10 16 H + 16 3 10' 16' H + 10' 16 H 16^ 

Mp 

generate the mass terms via the diagram (fig. |). The Higgs doublet is m 
16' H . In the effective Yukawa coupling the SO10 is broken by VEV of 16#. 
The asymmetry appears since I62 couples with 16# which gets the VEV in the 
direction of singlet of SU5, whereas I63 couples with 16^ whose SU2 doublet 
component gets a VEV (at the electroweak scale). 

3. 6 Large mixing from 

In the GU theories such as SU5 the Dirac mass terms for upper quarks, charged 
leptons and neutrinos have different gauge structure: 

m u ~ 10 • 10, rrid, mi ~ 5 • 10, m v ~ 5 • 1 . (24) 

Suppose the smallness of the mixing and the jnass hierarchy characterized by 
small parameter e is associated with 10-pletEl Then according to (^4|) one 
would expect 

(1) hierarchy (smallness of mixing) of the order e 2 for the upper quarks, 

(2) smallness e for the down quarks and charged leptons (and indeed this is 
observed in experiment!) 

(3) no hierarchy of masses and mixings for neutrinos! Thus one expects large 
lepton mixing. 
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This scenario can be realized, if the states in 10-plet are mixtures of the 
light and superheavy (M ~ Aqu) fermions l3: 

u° fa eu + U, d° ^ed + D, e° ps ee + £7. (25) 

So, the hierarchy of the masses and mixing follows from mixing in the 10-plet. 

Thus, large lepton mixing is consistent with the quark-lepton symmetry 
and the Grand Unification. The difference between the quark and lepton mix- 
ing can be related to breaking of the left-right symmetry and breaking of the 
GU -symmetry itself. 



4 Family symmetry and large mixing 

The observed mass and mixing hierarhy can be a consequence of theJJ(l)p 
family symmetryEj. Let us summarize main points of the approach inEa. 

1. Fermions carry certain U(1)f charges. (Prescription of charges which 
leads to realistic mass matrices implies that £/(l)F-symmetry is anomalous.) 
For lepton doublets and RH neutrinos we denote the charges as 

L i :(q 1 ,q 2 ,q 3 ), = (m, n 2 , n 3 ) (t = 1,2,3). (26) 

2. U(1)f is spontaneously-broken by non-zero VEV of the field 9 with the 
charge qg — —1. (In version E3 two fields 9 and 9 with opposite charges are 
introduced, see below). 

3. The Yukawa couplings appear as the effective operators after U(1)f~ 
symmetry breaking. For neutrinos we have: 

hijLiHjqltl] ■ .\/vi,...v;.v; (— ) , (27) 



where fty,^y- =0(1). M is the scale at which the operators ( |27j ) are generated. 
In the renormalizable theory M is the scale of masses of new heavy bosons or 
fermions which are integrated out in (^). It is suggested that (9) is smaller 
than M : 

A=|l~sinfl c , (28) 

where 9 C is the Cabibbo angle. It is this parameter A that determines the mass 
and mixing hierarchy. 

The couplings ( p7| ) generate the mass matrices for neutrinos: 

m v = diag(X qi , A 92 , A 93 ) h diag(X ni , X 712 , X n3 )(H u ) , 

M v = diag(X ni , A™ 2 , A" 3 ) | diag{X ni , A" 2 , X n3 )M N . [ ' 
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The see-saw formula gives for light neutrinos: 



TI " ] -diag(X gi ,X g2 ,X g3 ) h C 1 h T diag{\ q \\ q \\ q3 ). (30) 



Notice that m v does not depend on charges of the RH neutrinos. (In this 
approach the structures of the and M are correlated.) 

The charges were assigned using the phenomenological input, in particular, 

^i«A 2 , ^i«A 2 , V cb ^\\ (31) 
mb m T 

(In fact, the above relations are satisfied with accuracy up to the factor 3.) 
This allows to reconstruct the mass matrix of down quarks, using also the 
equality of charges q%j + qji = qu + qjj 4 . 

'A 4 A 3 A 3 ' 
m d oc ( A 3 A 2 A 2 | . (32) 
A 1 1 

The key result which eventually leads to the possibility of large lepton mixing 
is that the elements of the second and the third columns are of the same order. 
This means that that d\ and d\ have the same charges and the matrix ([32]) is 
diagonalized by the large angle rotation of these right components. 

The connection between the U(l)p charges of the quarks and leptons has 
been established in the following way. The charges of quarks can be written as 
q(df) = -B(2, — 1, —1), where B is the baryon number. This expression can be 
generalized to include the leptons in spirit of SLL as q(fi) = (B — L)(2, —1, — 1) 
which gives for leptons q(Li) = —(2, —1, — 1)l3. As in the quark sector, the 
charges of the second and the third generations of leptons are equal: q2 = qs ■ 
The assignment of charges leads to the mass matrix of neutrinos: 



(33) 



where a, 6, c ~ 0(1). 

This matrix is diagonalized by large — ^3 rotation. Therefore it admits 
large fx — t mixing. At the same time, the symmetry does not give large mixing 
automatically. Indeed, in this approach the LH components of the leptons of 
the second and third generations also have the same charges, and therefore, the 
matrix elements of the same order. As the consequence, the charged lepton 
mass matrix is also diagonalized by large 2-3 rotation. Resulting lepton 
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mixing is determined by mismatch of the two large rotations of neutrinos and 
charge leptons and it may not be large. Thus, explanation of the large mixing 
is reduced to a theory of prefactors in front of powers of A. 

As it was discussed in sect. 3.4, simultaneous explanation of the solar and 
the atmospheric neutrino problems implies a ~ b w c. So, precise mass and 
mixing pattern depends on values of prefactors which arc not determined in 
this approach. 

The equality of the charges can follow from "non-parallel" charge assign- 
ment!^ according to which the same charges have the following matter multi- 
pletsofthe SU(5): 10i, (10 2 ,5i) and (10 3 ,5 2 ,5 3 ). 

In a realization of the horizontal symmetryil suggested earlier, the U{1)f 
symmetry is broken by VEV's of two fields and 6 with opposite charges. 
There are two small parameters which determine the mass hierarchy: e = 
(8}/M2 and e = (8) /Ah- Down quarks and charged leptons have different 
charge prescriptions which is motivated by the weak hierarchy (^2|). As a con- 
sequence, the mass matrix for the charge leptons has the following hierarchical 
structure: 

/ e 3 \ 

mi ex e 3 e y/t , (34) 

\o VI i J 

whereas in the mass matrix for down quarks the 23-element is ~ e. The mixing 
between the second and third generations equals 

V 23 = Vi+e lS e, (35) 

where the last term follows from diagonalization of the neutrino mass matrix. 
The main contribution to mixing comes from the charge leptons. 



5 Democratic approach 

One can generate hierarchies of-masses and mixing starting by the mass ma- 
trices of the "democratic" formcil: 




D=\l 1 1 . (36) 



The matrix has the permutation S$l x S3R symmetry. The exact symmetry 
leads to zero mixing and only one nonzero mass eigenstate. This is the first 
approximation to the situation in the quark sector. Weak violation of the 
symmetry leads to the mass hierarchy and small mixing. 



17 



Within this framework it is possible to explain large lepton mixing and 
avoid the fine tuning we have discussed in sect. 3.4. The main observation 
is that the Majorana mass matrix has the symmetry Ssl which admits more 
general the form 

m v = al + bb , (37) 

where I is the unit matrix. If for some reason (e.g. related to the zero electric 
charge of neutrino) 6 — 0, then m v = al. At the same time mi cx D which 
gives the following mixing matrix: 




Vmns - ~m ~m ~rm • (38) 



In the limit of exact S^l x S^r two leptons are massless and only tau lepton gets 
the mass; all three neutrinos are degenerate. The weak violation of S^l x 
gives small masses of muon and electron and splitting of neutrino masses. 
Different forms oLsdolation of the symmetry lead to different phenomenological 
consequences. InE3 the symmetry was broken by diagonal matrices 

8m v = diag(-e v , e v , 5 V ), 5m; = diag(-e h ej, 5;) , 

where e and 5 are fixed by masses of neutrinos and charged leptons. They lead 
to only weak modification of the mixing matrix. Instead of zero in ( |38"|) one 
gets -(2 A /m e /m (tl )/\/6. 

Such a scheme can solve the solar neutrino problem via "Just-so" oscil- 
lations v e — > u^,v r with sin 2 28 = 1. The atmospheric neutrino data are ex- 
plained by <~> v T oscillations with sin 2 28 — 8/9. Small admixture of v e in 
(sin 2 28 w 16/6m e /m M = 1.5 • 1CT 2 ) can be relevant for atmospheric neutrinos 
and also can induce strong adiabatic transitions-Ye — ► v^^Vt in supernovae. 

In contrast, the symmetry violating matrixEj 

(39) 

will lead to small v e — v T mixing and Am 2 2 = 4e^mo, Am 2 3 = 28 v ttiq. 

Notice that in this approach the origin of the large lepton mixing is the Ma- 
jorana character of neutrinos which implies S^l symmetry and the assumption 
that m v cx I. 

In this approach the smallness of the neutrino mass is not explained, and 
the see-saw mechanism does not work. Indeed, the Dirac mass matrix of neu- 
trinos cx D leads to m v cx D for any non-singular mass matrix of the RH 
components. 
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5.1 Universal strength of Yukawas 

According to ansatzEl the mass matrices have the form 



m v = 




) 



(40) 



Certain choice of phases leads to desired mass hierarchies and mixing. For in- 
stance, a± — c<2 for neutrinos and ot\ — —ui for charged leptons result in small 
mixing MSW solution of the solar neutrino problem and <-* v T oscillation 
solution of the atmospheric neutrino problem. 



6 Beyond Three Neutrinos 

There are two motivations for the introduction of sterile neutrinos: (i) to 
reconcile different neutrino anomalies including the LSND result; (ii) to explain 
existence of the large mixing in the leptonic sector (in contrast with quark 
sector). Large mixing implied by the atmospheric neutrino data can be the 
mixing of v„ with sterile neutrino. All flavor mixings can be small. 

There is another, indirect connection related to the fact that large (maxi- 
mal) mixing prefers degeneracy of mass. If the atmospheric neutrino problem 
is solved by oscillations of and v T which strongly mix in degenerate states, 
then the only way to solve the solar neutrino problem without additional de- 
generacy is to introduce a sterile neutrino which mixes with v e . 

6.1 Schemes with — v s oscillations of atmospheric neutrinos 

Two possibilities have been discussed. 

I. Intermediate mass scale scenario is characterized by neutrino mass hi- 
erarchy, small mixing, and the Majorana masses of the right neutrinos (in the 
context of the see-saw) at the intermediate mass scale: 10 10 — 10 13 GeV. In 
addition, the light-singlet fermion can be introduced to solve the atmospheric 
neutrino problem L3 (fig. |^). The neutrino masses equal 

m 4 = (0.3 - 3) • 10 -1 eV, m 2 ~ 3 x l(T 3 eV, m 3 ~ leV, m 1 < m 2 . (41) 

v s and mix strongly in the vi and eigenstates, so that «-> v s oscillations 
solve the atmospheric neutrino problem; v e — ► i/^, v s resonance conversion ex- 
plains the solar neutrino data, and vz can supply significant amount of the 
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Figure 7: Neutrino masses and mixing in the intermediate mass scale scenario. Here white 
parts of boxes correspond to the sterile state. 

HDM. 

II. Grand Unification Scenario. The see-saw mechanism based on the 
Grand Unification leads to the mass of the heaviest neutrino (as v T ) in the 
range (2 — 3) • 10 -3 eV, and hence, to a solution of the solar neutrino problem 
via the v e — > v T MSW conversion. An existence of the light singlet fermion, 
v s , which mixes predominantly with muon neutrino through the mixing mass 
"Vs ~ 0(1) eV allows oneEJ (i) to solve the atmospheric neutrino problem via 
the <-> v s oscillations, (ii) to explain the LSND result and (iii) to get two 
component hot dark matter in the Univpse (fig. ||). Similar scheme has been 
suggested previously in another context ell. 

6.2 On v^ L — v s solution of the atmospheric neutrino problem 

There are two important features of the v„ — v s oscillation solution which 
distinguish it from the !/„ — v T one. 

(i) Matter effect is important for the — v s mode and it does not influ- 
ence practically z/„ — v T mode. The matter effect changes total numbers and 
distributions of the upward-going muon events and the multi-GeV events. 

The matter potential for the — v s system is determined by the concen- 
tration of neutrons V — GFn n /V2- For Am 2 < 10 -2 eV 2 and energies E > 25 
GeV the zenith angle (0) dependejicp_aLthe — v s survival probability has 
rather peculiar form with two dips&Hl?-! 

The wide dip with minimum at the zenith angles cos ~ —0.4, it reaches 1 
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Figure 8: The neutrino masses and mixing in the Grand Unification scenario. 

at cosG ~ —0.8, is due to resonance enhancement of oscillations in the mantle 
of the Earth. The second narrow dip at cosO ~ —0.8 — 0.95 is due to the 
parametric enhancement of oscillations for neutrinos which cross both the core 
of the earth and the mantle of the Earth. The enhancement occurs when the 
phase of oscillations in the mantle and in the core equals w. The integration 
over the neutrino energies leads to significant flattening of the zenith angle 
dependence of the upwardgoing muonsEa. Shallow minima still can be seen 
in the vertical bins and at cosG ~ —0.6 -. — 0.4. Such a dependence differs 
from the one for the f M — v T oscillations (where the matter effect is absent). 
It resembles the dependence in the MACRO experiment, where however, the 
suppression in the vertical bins is stronger. Clearly, more data is needed to 
identify the solution. 

(ii) The rate of the neutral current events should be sustantially suppressed 
in the — v s case, and the rate is not changed in the — v r case. -The best way 
to study the NC effects is to detect the so called "7r°" - event sc3clc2l: isolated 
7T which can be identified by the two gamma decay. Main contribution to 
"7T°" - events comes from reaction 

vN^vNtt®. (42) 

At the SK, "7T°" - events can also be generated by the charged current reactions 
e.g. v^N — ► fiN'n , when is below the Cherenkov threshold (similar is for 
electron neutrinos). The — v T oscillations only weakly suppress the number 
of "7T°" , whereas — v s can suppress the "7r°" rate by 30 - 40 %. 
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Preliminary SK data for 535 days give 210 "tt°" events. This number 
exceeds the expected 192.5 events. To avoid normalization uncertainties one 
can consider the ratio of numbers of the "7r°" - events and the e-like events: 
7r°/e. The experiment givesEl 

■" -0.93±0.07(stai)±0.19(syst.) (43) 



(7r°/e) 



AIC 



which is consistent with both channels of oscillations. The double ratio is 
smaller than 1 in spite of the the excess of the ir° due to even larger excess of 
the e-like events. Large systematic error in ( fl3|) is related to uncertainties in 
the cross-sections. Notice that multi-pion production reactions give significant 
contribution to the tt° events (due_to Cherenkov radiation threshold one or even 
more pions are not detected) . Incil the total uncertainty was estimated as being 
at the level 30%. The uncertainty will be diminished by direct measurements 
of thc_cross-section in the "forward" detector of the long baseline experiment 
K2K0. 

Another uncertainty is related to background, e.g., from interactions of 
neutrons in the detector. For the ir° events this background is much more 
significant than for the e-like events since only in 17% of cases ir° will induce 
the e-like event. 

It is also possible to study the zenith angle dependence of the 7r°-events 
which is free of the uncertainties in the cross-sectionc3. 

Another suggestion is to study the up-down asymmetry of the inclusive 
multiring events Ex 

Of course, the detection of the tau leptons produced by the v T would be 
direct way to identify the solution. However, the number of the expected events 
is rather smallcj, and it is difficult to reconstruct them. 



6.3 Scheme with two degenerate neutrinos 

Maximal mixing prefers strong mass degeneracy. Therefore the atmospheric 
neutrino result can be considered as an indication that and v T are strongly 
mixed in the two almost degenerate neutrino states: Am <C to 2 ps to 3 « mo. 
If rrio ~ 1 eV, these neutrinos can compose the 1v HDM component in the 
Universe. In this case the splitting should be Am w (2 — 5) x 10~ 3 eV. The 
first neutrino composed, mainly, of v e can be much lighter: mi <C too, so that 
no observable signal in the double beta decay is expected. 

To explain the solar neutrino deficit one can introduce sterile neutrino 
which mixes with v e . Then solar neutrinos undergo the v e — > v s resonance con- 
version. This solution is characterized by weaker day-night effect but stronger 
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distortion of the energy spectrum as compared with v e 



conversion. The 



resulting scheme (fig. |9|) can also explain the LSND result, if the admixture of 
the v e in the heavy state is large enough U e z ~ 2 x 1CP 2 (seec3). 




Figure 9: The pattern of the neutrino mass and mixing in the scheme with two degenerate 
neutrinos and one sterile component. 



7 On the Origin of the Sterile Neutrinos 

7.1 Sterile neutrino or light singlet fermion? 

From phenomenological point of view there is no difference between the sterile 
neutrino and light singlet fermion. The difference can be related to the origin of 
this state. We can keep the notion of the sterile neutrinos for the states which 
have generation structure. That is, one may expect that there are three sterile 
neutrinos. Such a_D0ssibility is realized in the GU theories with extended 
symmetry like E§ c3 where each fermionic generation (in 27-plet) contains 
neutral fermion being a_singlet of SO(IO). Another realization is the models 
with mirror symmetry ED, where each neutrino has its mirror counterpartner. 
However, even in these cases it could be that not all three additional neutrinos 
are light, and therefore number of light additional states is smaller than three. 

Light singlet fermions have no generation structure. They follow from 
some other sector of theory. Their number is not related to the number of 
fermionic generations. It can be only one such a light singlet. For instance, 
axino or susy partner of the majoron can play the role of the singlet C3. 

Common questions are 
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Why the singlet is so light ? 

How does it mix with usual neutrinos? 

A number of new possibilities has been considered recently. 



7.2 Light singlet and super symmetry 

Some hint to the origin of the singlet may follow from the following numerology. 
In the supersymmetric theories there are additional mass scales which can 
determine properties of the singlet fermion: a scale of the supersymmetry 
breaking (the gravitino mass Tn 3 / 2 ), the M parameter, the string scale and 
Planck scale Mp. The singlet may "know" about these scales. 

Using mass parameters m 3 / 2 (or /i) and Mp one can compose the following 
mixing mass : 

TO 3/2(g 2 ) 

m " s = W P ' (44) 

where (H 2 ) is the VEV of the Standard model Higgs, and it is obviously 
needed to mix the doublet neutrino with singlet. The mass of the singlet can 
be constructed as 

« - % (45) 

It is interesting that for the supergravity value m 3 / 2 ~ 1 TeV the masses ms 
and m v s lead to oscillation parameters required for a solution of the solar 
neutrino problem via the MSW v e — > S resonance conversions. In particular, 
the mixing angle is determined simply by the ratio of the electroweak scale 
and the gravitino mass 

~ (H 2 )/m 3/2 . (46) 

In the above example the mass parameters being proportional to m 3 / 2 appear 
when SUSY is broken. 

Alternatively, one can use supersymmetric /i- parameter instead of m 3 / 2 
ejH. In this case ms and m u s exist even in the supersymmetric limit. This 
opens a possibility to realize thejscenario in models with gauge mediated SUSY 
breaking, where m 3 / 2 is smallEJ. 

InE3 it was suggested that S originates from the Hidden sector of theory. 
One possibility is that S is the modulino - supersymmetric partner of the 
moduli fieldca. In this case the R-parity should be broken. 

If S is a non-moduli field, its properties can_be determined by additional 
U(l) gauge factor which is broken at TeV scaled;. 

This idea has been elaborated recently inEJ. Mass terms of the sterile 
neutrino are generated by the non-renormalizable effective interactions with 



24 



another Standard Model singlet S' charged under additional U(l). The fol- 
lowing effective couplings have been introduced in the superpotential: 



ls Hk) +sTss '(ji:) + < 47 > 

The parameters pd and pu are determined by U(l) charges of S and S'; M s 
is the string scale. Additional singlet S' has the following potential 

\ m2 ^ S ' 2 + A {^P) > ( 48 ) 

where the last term comes from the non-renormalizable interactions in the 
superpotential and m so f t ~ TeV. Minimization gives 

(S') ~ (m soft M s )V( k +V . (49) 



When S" acquires the VEV, the interactions (47) generate the Dirac and the 
Majorana masses: 



m soft * 



m ° = ™\rfir) (50) 

tom = m so/t I I . (51) 

If Pd = Pm - k, then m D /m M ~ (H 2 }/m so f t similarly to (g^). 

From practical point of view the most interesting example is when k = 1, 
p D = 2 and p A/ = 3. It gives to^ = (H 2 )m so f t /M s and m M = m 2 soft /M s 
as in (QUI). For m so / t ~ 1 TeV they lead to solution of the solar neutrino 
problem. To solve the atmospheric neutrino problem via v e <-* v s oscillations 
one need rather exotic values of parameters: k = 6, = 5 and pm = 12 
which imply high dimension nonrenormalizable terms in the superpotential. 



7.3 Composite fermions as sterile neutrinos 

New possible origin of the light singlet fermions has been suggested in E it 
is assumed that there is a new sector of the theory which includes preons 
and gauge interactions with strong dynamics at some scale A. This dynamics 
leads to confinement of preons. Moreover, it is assumed that the dynamics 
leaves unbroken a chiral symmetry and therefore generates massless composite 
baryons. These composite states are identified with sterile neutrinos. 



25 



An example of SU(n + 4) (n > 1) gauge theory has been elaborated. 
Massless baryons have the structure 

By = ^iA^ , (52) 

where A is antisymmetric tensor and ipi are antifundamentals {i — l...n). Such 
a theory is shown to produce n(n + l)/2 massless baryons. 

The interactions of preons with the SM particles is realized via high dimen- 
sional operators suppressed by power of the mass scale M. Moreover, M 3> A 
and it is this inequality leads to smallness of the mixing mass. In particular, 
the following terms were introduced: 

X ija ^iA^L a H^ = (Jj\ XV^AfyLarf , (53) 

where L a and H are the SM leptonic doublet and Higgs. The mass of -By- 
can be also generated by the non-renormalizable operators which break chiral 
symmetry: 

hijkl ^i A MkAtpi = h ijkl M^j BijBf-i- (54) 

From (HQ) we get: m vS ~ X(H)(A/M) 3 , m s ~ M(A/A/) 6 . For M - 10 18 
GeV and A ~ 10 13 GeV the neutrino masses are in the range of small mixing 
MSW solution of the solar neutrino problem. 



8 Summary 

1) . Large lepton mixing can be well consistent with our standard notions: 
hierarchy of masses weak interfamily connection, the see-saw mechanism. It 
can be just artifact of the see-saw mechanism (see-saw enhancement). 

2) . The large lepton mixing can however be an indication of physics beyond our 
standard notion. Still it is consistent with unification of quarks and leptons. 

Large mixing in — v r channel can be naturally reconciled with small 
mixing in other channels. 

3) . An extreme point of view is that large lepton mixing is the mixing of muon 
neutrino with new state - sterile neutrino. This possibility can be checked by 
studies of the ir° events and the zenith angle dependence of the upward going 
muons. 

4) . The introduction of sterile neutrino can be motivated by explanation of 
large lepton mixing. This allows one to keep all flavor mixings to be small, 
and to rescue natural scenarios of neutrino mass and mixing. 
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Large — v T mixing can be naturally associated with mass degeneracy. In 
such a scheme, the solar neutrino problem is solved via the v e — v s conversion. 
The latter can be checked by studies of correlation of the spectrum distortion 
and the day-night effect at SK and in future by studies of the neutral current 
interactions in Sudbury Neutrino Observatory. 

5). The number of the phenomenological schemes of neutrino masses and 
mixing is rather restricted now. Clear signatures exist for each scenario. The 
key steps in reconstructing the neutrino mass spectrum are: 

(i) identification of the solutions of the atmospheric neutrino problem: 
Vfi - v T or v ^ - v s \ 

(ii) clarification of the role of the subdominant mode — v e in the oscil- 
lations of atmospheric neutrinos; 

(iii) identification of the solution of the solar neutrino problem: Just- so, 
MSW or may be something else? 

(iv) clarification of a role of sterile neutrinos in conversion of the solar 
neutrinos. 



9 Note added 

Materials included in this review have been published or reported before the 
Symposium (middle of June, 1998). Since that time large number of new papers 
in the field has been published. Below we give some relevant references. 

1. PhcnompUjOlig^jf various scenarios of neutrino mass and mixing have 



been studied inEj'oE . 

2. A number of publications is devoted to properties of the 
mass matrices (textures, symmetries) which lead to explanation of the solar 
and atmospheric neutrino problems. Scenario with bi- maximal mixing is of 
special interest (for the phenomenological aspects see e.g.c3). There are several 
attempts to construct the model which naturally leads to bi-maximal mixing. 
Gauge modeLwith four generations and certain discrete symmetry has been 
suggested in El Another versionEj is based on the left-right symmetric gauge 
model with additional S3 x Z4 x Z3 x Z2 symmetry. See alsoEj. The bi-maxknal 
mixing has been alsOpCpnsidered in the MSSM with single RH neutrinoE3 as 
well as in SO w GUTE3. 

3. Consequences of the £7(1) flavor symmetr-y-far-the neutrino mass matrix 
and lepton mixing were further elaborated inE§EalI3'0. It is argued that large 
lepton mixing can be a natural consequence of the U(2) flavor_symmetrylZ3. 

i_ .4. The "democratic approach" has been summarized inO. As is shown 
inL-3 the democratic mass matrices can be "embedded" in the Grand Unified 
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SU-L5) model. The scenario with three degenerate neutrinos has been discussed 
inti 

5. Aspects Generation of large lcpton mixing has been considered in min- 
imal version_pf the see-saw mechanism — in GUTO, in models with radiative 
mechanism l3, and in composite model E2. 

New possibilities of the description of neutrino data in models with gauge 
mediated SUSY breaking have been studied inE2l. 

6. A number of papers is devoted to generation of neuiriact mass, in super- 
symmetric models via the R-parity violating interactionsEil'ESBEJH. 

7. Phenomenology of schemes with more than 3 light neutrino s_and prop- 
erties of the corresponding mass matrices were discussed inE30 : E3E2. 

There are new attempts to construct a (3 + 1)- model (three-active neu- 
trinos and one sterile neutrino) based on the radiative mechanismcSl as well as 
singular see-sawEH. 

8. New mechanism for generation of the light sterilejaeutrino in the super- 
symmetric model with gauge mediated SUSY breaking Elhas been suggested. 
The see-saw model of sterile neutrino was considered inB3. 

9. Completely new possibilities to explain smallness of neutrino mass and 
the lepton number violation as well as appearance_of_thc light singlet states 
are based on existence of large extra dimensionsOOEj, see alsoE3. 
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